The pharmaceutical^ important iron-dextran complexes (ferritin models) were studied by Mössbauer spectroscopy in frozen solution at 87 K and in lyophilized form at 297 and 87 K. The quadrupole splittings of the lyophilized forms of iron-dextran complexes measured at 297 and 87 K were slightly different. The quadrupole splittings of several complexes in lyophilized form and frozen solutions measured at 87 K were also different. Slight differences in the quadrupole splitting were found for various iron-dextran complexes. Mössbauer spectra of iron-dextran complexes were better fitted using two quadrupole split doublets. Slight differences in the corresponding quadrupole splittings and doublet ratios were observed for various complexes.
Introduction
Iron-dextran complexes (IDC) are used as drugs for treatment of iron deficiency anemias. They are pharmaceutically important models of the iron storage protein ferritin. Ferritin consists of a polynuclear hydrous ferric oxide core with about 4500 iron atoms with a multisubunit protein shell [1] , while the IDC consist of a FeOOH core with a dextran shell. Several comparative studies of the physical properties of the iron core in ferritin and IDC were made using electron diffraction [2] , EXAFS [3] and Mössbauer spectroscopy [4] , These studies showed some differences between the iron cores of ferritin and IDC. Variations of physical properties were also obtained for different IDC's in Mössbauer and positron annihilation [5 -8] and Mössbauer and X-ray diffraction studies [9, 10] . Our previous Mössbauer study of various IDC's in frozen solution and lyophilized form [5 -8] did not reveal any differences of the hyperfine parameters for the iron core of the two forms at 87 K. Comparative Mössbauer studies on IDC in frozen solution and the solid state also did not reveal any differences [11] . In the present work we consider new results of further comparative Mössbauer studies of the iron state in various IDC's in frozen solution and in lyophilized form obtained with a new high precision and sensitive Mössbauer spectrometer.
Experimental

Materials
We used industrial pharmaceutical IDC products such as Imferon (Fisons, UK), Imferon (Benger, USA) and Ferridextran (Leciva, CSSR). Elaborated IDC's were prepared by adding FeCl 3 to a dextran solution with 18% H 2 0 2 , and heating at 60 °C for 1 h. The pH of the solution was changed to 8.0 by adding Na 2 C0 3 ; the solution was then centrifuged 0932-0784 / 2000 / 0100-0186 $ 06.00 © Verlag der Zeitschri ft für Naturforschung, Tübingen • www.znaturforsch.com 
Mössbauer Spectroscopy
Mössbauer spectra were measured with a constant acceleration computerized precision spectrometer which was a part of the multi-dimension parametric Mössbauer spectrometer SM-2201 [12] . The noise of the velocity signal of the spectrometer was 1.5x 10 -3 mm/s, the drift of the zero point velocity ±2.6xl0~3 mm/s, the nonlinearity of the velocity signal 0.01%, and the harmonic distortion factor was 0.005% for the frequency band 0 -1120 Hz. The parabolic distortion of the spectra was at most 0.1% from the statistical rate which was in the range from 5x 10 5 to 1.6x 10 6 counts per channel. These characteristics of the driving system permitted to increase the sensitivity of the Mössbauer spectrometer and the quality of measured spectra in comparison with our previous data [5 -8] , A 2.5x 10 9 Bq 57 Co(Cr) source was used at room temperature.
Mössbauer spectra of IDC in lyophilized form and frozen solutions were measured at 87 K using a liquid nitrogen cryostat, and also in lyophilized form at room temperature. Sodium nitroprusside and aFe were used as standard absorbers. The spectra were computer fitted with the least squares procedure using a Lorentzian line shape. The Mössbauer parameters (quadrupole splitting AEQ, isomer shift <5, hyperfine field H D{ , subspectrum area S, absorption effect) and the statistical criterion \ 2 were determined. The values of isomer shift are given relative to o-Fe at 295 K.
Results and Discussion
Mössbauer spectra of several IDC in lyophilized form and frozen solution are shown in Figs. 1 and 2. We observed that elaborated IDC, Ferridextran and Imferon (Fisons, UK) had an iron core in the paramagnetic state at both room and liquid nitrogen temperatures. The Mössbauer spectrum of Imferon (Benger, USA) (Fig. 2, D) showed the presence of the paramagnetic and magnetic states of iron in the core at 87 K. An additional quadrupole split component related to an impurity was found in several IDC's. The Mössbauer spectra of all samples were fitted using one and two quadrupole doublets for the iron core spectral components. The Mössbauer parameters are given in Tables 1 and 2 , respectively.
Approximation Using one Quadrupole Doublet for the Iron Core
Mössbauer parameters of lyophilized IDC's measured at room temperature demonstrated small differences of the A£q values. It was found that the A£q'S for the FeOOH core in Ferridextran and Imferon (Fisons, UK) were the same and lower than that of elaborated IDC. It should be noted that the A£"q for lyophilized Imferon (Benger, USA), measured earlier [7] at room temperature, was (0.67±0.01) mm/s. This value is slightly lower than the present A EQ value for lyophilized Imferon (Fisons, UK) which is comparable within the error with the value of The AEQ values for IDC6P and IDC8P were found to be increased in comparison with data for other IDC's. Moreover, the A£ Q 's for lyophilized IDC6P, IDC8P, Ferridextran and Imferon (Fisons, UK), measured at 87 K, appeared to be higher than those at room temperature, while the AJ^q'S for lyophilized IDC3P, IDC4P and IDC87, measured at room temperature and at 87 K, were the same. The previously obtained Mössbauer parameters for lyophilized Imferon (Benger, USA) at 87 K showed an AEQ of (0.68±0.05) mm/s [7] , which was lower than that of IDC6P and IDC8P and coincided with the AEQ values for other IDC's within the error's. However, the Mössbauer spectrum of lyophilized Imferon (Benger, USA) was a mixture of doublet and sextet components (78% and 22%, respectively). The value of H TI{ for the magnetically ordered component was (484.0±1.6) kOe [7, 8] .
Mössbauer spectra of IDC's in frozen solutions showed the presence of an additional quadrupole doublet with parameters characteristic of the high spin Fe 2+ compound for all IDC's except IDC3P and IDC81. Our previous results [8] showed the same additional doublet (4%) for Ferridextran only. New measurements gave 7% of the additional doublet for Ferridextran. The presence of free iron was determined for the IDC6P solution during the preparation of an elaborated IDC only. The Mössbauer study showed that the content of this free iron in IDC6P is two times higher than in other elaborated and industrial IDC's and the same as in Ferridextran solution. However, this additional iron was detected in IDC6P in lyophilized form at 87 K only. It may be the result of a stronger bond of the Fe 2+ compound with the dextran shell in lyophilized IDC6P than in Ferridextran due to structural differences of the dextran shell. This stronger bond raises the probability of the Mössbauer effect (recoil-free fraction of Mössbauer radiation).
The Fe
2+ compound is an impurity resulting from the reduction of Fe 3+ in solution during IDC preparation. Its quantity in IDC solutions depends on the preparation procedure and purification. The Mössbauer spectrum of Imferon (Benger, USA) consisted of a mixture of doublets and a sextet with asymmetric absorption lines, while the spectrum of Imferon (Fisons, UK) consisted of several quadrupole doublets only. Both industrial products contained about 4 -5% of the Fe 2+ impurity.
The AEQ values for IDC's frozen solutions varied from (0.657±0.016) mm/s (IDC87) to (0.744±0.016) mm/s (IDC6P) and reflected some structural differences in the core. The higher value of the quadrupole splitting may indicate a higher octahedral site distortion and, therefore, poorer iron core crystallinity [15] . It was also interesting to observe small differences in the AEQ values measured at 87 K for all IDC samples in lyophilized form and frozen solutions except IDC3P and Ferridextran. This result is in disagreement with previous data [7, 8] and indicates that lyophilization may affect the iron core by slightly increasing the octahedral distortion. It should be noted that we fitted the magnetically split component with asymmetrical line shape in the Mössbauer spectrum of the Imferon (Benger, USA) frozen solution using two sextets (see Table 1 ). The value of H e{{ for the large sextet was found to be higher than that of the IDC's studied in [9, 11] at 77 K and in agreement with our previous results [7, 8] , The presence of at least two magnetically ordered components in the Mössbauer spectrum of Imferon (Benger, USA) frozen solution may be the result of a different crystallinity level of the FeOOH core and/or a larger iron core size than in Imferon (Fisons, UK).
The low temperature Mössbauer data for ferritin from various sources showed also some differences in the AEQ values. For instance, AEQ = (0.65±0.02) mm/s for placental ferritin at 77 K [14] , AEQ = (0.69±0.02) mm/s for human ferritin at 78 K [16] , AEQ = (0.75±0.02) mm/s for limpet ferritin at 78 K [16] and AE Q = (0.72±0.02) mm/s for horse ferritin at 90 K [17] . These data indicate that the iron core structure in natural proteins may be different due to the conditions of iron core formation and the protein shell. The iron core structure in IDC may depend on the preparation conditions and dextran shell. It should be noted that Mössbauer spectra of ferritin in the liquid nitrogen temperature region did not reveal any magnetic hyperfine fields, and the iron core in various ferritins was in the paramagnetic state. However, the Mössbauer spectrum of the relevant iron storage protein hemosiderin from patients with secondary hemochromatosis indicates the presence of an additional sextet with asymmetrical absorption lines at 77 K as a result of the microstructural differences between the iron core and that in other hemosiderins (see [18] ). The value of H e{{ for this hemosiderin was found to be (497±5) kOe at 4.2 K. This value was slightly higher than that for Imferon (Benger, USA) observed at 87 K.
Approximation
Using two Quadrupole Doublets for the Iron Core Several reviews on Mössbauer studies of iron oxides and oxyhydroxides pointed out that the paramagnetic room temperature Mössbauer spectra of these materials were better fitted using more than one quadrupole doublet or a distribution of quadrupole splittings [15, 19, 20] . In our previous studies [7, 8] we used two and three quadrupole doublets to fit the paramagnetic Mössbauer spectra of IDC's measured at room and liquid nitrogen temperature. However, a two doublets fit was better for all spectra. Therefore, additionally we fitted the new Mössbauer spectra of IDC's with an approximation of the paramagnetic component related to the iron core, using two quadrupole doublets (the fitting with three or more quadrupole doublets was not satisfactory for all spectra). Mössbauer parameters are given in Table 2 . It is clearly seen that the statistical criterion \ 2 was significantly lower for the same spectra. The values of AEQ for both doublets related to the iron core are close to those reported in [21, 22] for the room temperature Mössbauer spectra of /5-FeOOH. However, we observe small differences in the AEQ values for both the large and small doublets, respectively, for the studied IDC's. The ratio of both doublets varies for different IDC's as well as for different states (lyophilized and solution) and temperatures. It should be mentioned that the superparamagnetic Mössbauer spectrum of Imferon (Benger, USA) at 87 K was fitted using two doublets and two sextets. These results may reflect small microstructural differences for various IDC's as well as the presence of core regions with greater or smaller octahedral distortion and crystallinity. These regions may be related to surface and interior parts of each iron core. It is possible that lyophilization may affect some IDC's with slight changes of the iron core structure.
We note that Mössbauer spectra of placental ferritin measured at room temperature and at 77 K were also better fitted using two quadrupole doublets (with AE Q of (0.84±0.02) mm/s and (0.38±0.02) mm/s, respectively) [14] with lower quadrupole splitting for both doublets than those obtained for all IDC's.
Conclusion
The measurements with a high precision and sensitive Mössbauer spectrometer revealed new peculiarities of the IDC iron core. In contrast to our previous results [7, 8] it was found that lyophilization leads to a small increase of the AEQ value for the paramagnetic component. This fact indicates an increase of the electric field gradient on the 57 Fe nuclei resulting from some structural variations (small octahedral distortions) of the iron core during lyophilization. The obtained differences in the AEQ values for the paramagnetic components of various IDC's indicate that these complexes have slightly different iron core structures in corresponding states and at corresponding temperatures. Moreover, the samples of Imferon from different sources have superparamagnetic and paramagnetic low temperature Mössbauer spectra, respectively, that may be a result of different iron core structures and size. Finally, we observed the Fe 2+ impurity in the majority of studied samples, while the previous studies indicated the presence of the impurity in Ferridextran only.
